Determining the extent and structure of intra-host genetic diversity and the magnitude and impact of population bottlenecks is central to understanding the mechanisms of viral evolution. To determine the nature of viral evolution following systemic movement through a plant, we performed deep sequencing of 23 leaves that grew sequentially along a single Cucurbita pepo vine that was infected with zucchini yellow mosaic virus (ZYMV), and on a leaf that grew in on a side branch. Strikingly, of 112 genetic (i.e. sub-consensus) variants observed in the data set as a whole, only 22 were found in multiple leaves. Similarly, only three of the 13 variants present in the inoculating population were found in the subsequent leaves on the vine. Hence, it appears that systemic movement is characterized by sequential population bottlenecks, although not sufficient to reduce the population to a single virion as multiple variants were consistently transmitted between leaves. In addition, the number of variants within a leaf increases as a function of distance from the inoculated (source) leaf, suggesting that the circulating sap may serve as a continual source of virus. Notably, multiple mutational variants were observed in the cylindrical Inclusion (CI) protein (known to be involved in both cell-to-cell and systemic movement of the virus) that were present in multiple (19/24) leaf samples. These mutations resulted in a conformational change, suggesting that they might confer a selective advantage in systemic movement within the vine. Overall, these data reveal that bottlenecks occur during systemic movement, that variants circulate in the phloem sap throughout the infection process, and that important conformational changes in CI protein may arise during individual infections.
Introduction
RNA viruses tend to harbor abundant genetic diversity through a combination of highly error-prone replication, short generation times and large population sizes (Duffy et al., 2008) . This genetic diversity has been associated with the ability of RNA viruses to switch hosts (Jerzak et al., 2008; Holmes, 2009 ) overcome host resistance mechanisms (Feuer et al., 1999 : Lech et al., 1996 , and alter virulence (Acosta-Leal et al., 2011) . However, viral populations also experience important bottlenecks within individual hosts and at inter-host transmission, which likely reduce standing genetic diversity and hence impact the patterns and dynamics of viral evolution. In the case of plant viruses, dramatic population bottlenecks (down to 1-20 virions) have been reported during both systemic (Fabre et al., 2012; French and Stenger, 2003; Li and Roossinck, 2004; Sacristan et al., 2003) and cell-tocell movement (Gonzalez-Jara et al., 2009; Miyashita and Kishino, 2010; Tromas et al., 2014) . Hence, although plant virus populations are expected to be large (for example, 10 11 -10 12 virions per infected leaf have been reported in tobacco mosaic virus (TMV)) (Sacristan et al., 2003) , population bottlenecks will mean that effective population sizes will be significantly smaller (Garcia-Arenal et al., 2001) . This, in turn, will influence the respective strengths of natural selection and genetic drift, with the latter expected to dominate in populations with small effective sizes. Determining how genetic diversity changes as the virus moves systemically through individual plants therefore provides important insights into the strength of population bottlenecks and hence the nature of viral evolution.
Unlike animal viruses in which receptor mediated mechanisms allow use of the extracellular environment to move throughout the host, plant viruses are restricted to the intra-cellular environment, and cell-to-cell movement is restricted to the plasmodesmata (Maule and Wang, 1996) . Systemic infection of the plant necessitates movement of the viral population both cell-to-cell through the plasmodesmata, as well as organ-to-organ through the phloem. For this process to occur successfully the virus must enter the vascular tissue. This requires movement from the mesophyll cells and through a series of cells: the perivascular parenchyma, the phloem parenchyma, the companion cells, and finally into the sieve tube elements (Niehl and Heinlein, 2011) . Hence, movement of the virus through the plant follows the same path as the photoassimilates (Maule and Wang, 1996) .
The Potyviridae is the largest family of plant viruses and comprises roughly 30% of known plant viruses . This family, particularly the aphid-transmitted members, are among the most successful plant pathogens (Rybicki and Pietersen, 1999) . Potyviruses possess single-stranded positive-sense RNA genomes (Berger, 2001) , and harbour at least five proteins known to be involved in viral movement; the coat protein (CP), the helper component protein (HC-Pro), the cylindrical inclusion protein (CI), the P3N-PIPO and the viral genome-linked protein (VPg). The CP is necessary for long distance spread within the plant and may also facilitate cell-to-cell movement (Dolja et al., 1994; Dolja et al., 1995) via binding to the viral RNA and altering the exclusion size limit of the plasmodesmata. This is thought to follow the infection front in a transient fashion (Heinlein et al., 1995; Oparka et al 1997) . Mutation analysis with wheat streak mosaic virus suggests that the C terminus of the CP may be required for cell-to-cell movement (Tatineni et al., 2014) . The HC-Pro is thought to function in viral movement by increasing plasmodesmatal permeability (Rojas et al., 1997) . The cylindrical inclusion protein (CI) protein is also involved in cell-to-cell movement Urcuqui-Inchima et al., 2001) , and is believed to guide the CP-RNA complex to the plasmodesmata (Roberts et al., 1998; Rodriguez-Cerezo et al., 1997) . Mutation analysis has revealed that mutations affecting the N terminus region of the CI were defective in cell-to-cell movement in both tobacco etch virus (TEV) (Carrington et al., 1998) , and plum pox virus (PPV) (Gomez de Cedron et al., 2006) . The P3N-PIPO modulates the plasmodesmatal localization of the CI, and the CI-P3N-PIPO complex is thought to be responsible for the plasmodesmatal associated structures that assist cell-to-cell movement (Wei et al., 2010) . Although the role of the VPg is currently unknown, it has been demonstrated that mutated VPgs in turnip mosaic virus reduce both cell-to-cell and systemic movement (Dunoyer et al., 2004) .
Zucchini yellow mosaic virus (ZYMV) is a member of the Potyviridae that infects Cucurbitacae (squash, melon and cucumber) globally. ZYMV is considered to be an emerging virus as it achieved a worldwide distribution within two decades of its discovery (Desbiez and Lecoq, 1997) . The symptoms of ZYMV include severe stunting of the plant and fruits as well as a distinctive yellow mottling of the leave (Desbiez and Lecoq, 1997) . Fruits harvested from ZYMV infected plants are often mottled and deformed and thus tend to be unmarketable, and ZYMV can reduce agricultural yields up to 94% (Blua and Perring, 1989) . In the United States Cucurbitacae production is estimated to be 1.5 billion per annum and, given that these are among the 15 most important agricultural crops in the United States (Cantliffe et al., 2007) , it is clear that ZYMV is a significant crop pathogen. ZYMV is primarily a vector-borne pathogen and is non-persistently transmitted by aphids. Experimentally, 26 aphid species have been shown to transmit ZYMV (Katis et al., 2006) , and we previously determined a seed to seedling (vertical) transmission rate of 1.6% (Simmons et al., 2011) .
To ascertain the extent and pattern of viral genetic diversity as it moves systemically through the plant, and how this might be impacted by population bottlenecks (as measured by changes in genetic diversity), we undertook deep sequencing of 23 sequential leaves on a Cucurbita pepo ssp. texana vine as well as an additional leaf that grew on a side branch. C. pepo is believed to be the progenitor of domestic squash (Decker and Wilson, 1987) , and the optimal host for the maintenance of ZYMV (Gal-On, 2007).
Methods

Greenhouse experiment
The first true leaf of a C. pepo plant was mechanically inoculated in a greenhouse at The Pennsylvania State University in April 2011 with a ZYMV sample taken from the first diseased individual from an experimental field during the 2007 season. The inoculum used here was the same inoculum source as that used in Simmons et al. 2012 , and was prepared from infected leaf tissue diluted in a phosphate buffer (0.1 M Na2H/KH2PO4 buffer) in a 1:3 v/v ratio. Carborundum powder (500gm) was then rubbed on the surface of the first true leaf, and the inoculum subsequently applied to the leaf surface with a pestle. Leaves along one vine were collected over a two-month period (Fig 1) . It appears that removing the inoculated leaf, particularly early in infection, can effect systemic infection (unpublished data in (Zwart et al., 2012) ). Accordingly, the first true leaf (i.e. the inoculated leaf) was not removed but was retained to serve as a "source" of viral material. Hence, all the leaves collected are in reference to the inoculated leaf, such that leaf one is the second true leaf.
A total of 24 leaves were collected. Of these, 1-23 were collected in sequential order as each leaf attained full size. The exception was the side branch leaf, which grew at the same time as leaf 16, but was physically located between where leaf nine and ten had grown with the effect that this leaf was harvested several weeks after its nearest neighbors were collected (21 days after leaf nine and 17 days after leaf 10).
RNA isolation, RT-PCR, qPCR and sequencing of seedlings
Fifty mg of leaf tissue was used for analysis. Frozen leaf samples were used with the E.Z.N.A.® RNA isolation kits (Omega bio-tek, GA) for the isolation of total RNA. Firststrand synthesis of cDNA was generated from the total RNA using genome-specific primers. The RT-PCR was conducted using Superscript III First-Strand Synthesis kit (Life Technologies, CA) following the manufacturers protocol. The single stranded cDNA was then used as template for PCR amplification using Phusion High-Fidelity polymerase (New England Biolabs, MA). Manufacturers protocols were followed using HF PCR buffer and 15 μl of first-strand product was used in a 50 μl total reaction. The PCR conditions were: 98°C 2193, 2665, 2638, 2730 , and 2553 bp respectively. The primer products were pooled per sample and gel extracted using Zymoclean Gel Recovery kit (Zymo Research, CA) for removal of non-specific amplification product. The library construction method used was as outlined in (Dunham and Friesen, 2013) .
The primers used for qPCR used were those in Simmons et al. (2013) , and the reference strain (GenBank accession no. NC_003224.1) was used to design them using Primer Express® Software version 3.0 (Applied Biosystems) and fell within the CI protein; forward primer: 5'-GGACAGTGCGACTATAGCTTCAA-3' and reverse primer: 5'-TTTAACCGCGAATTGCGTATC-3' (2013). The mix for the PCR reaction contained the following: 10.0μl SYBER green, 0.2μl of each primer, 7.6μl of PCR grade water and 2.0μl of template for a total reaction volume of 20μl. The PCR was carried out in triplicate in an Applied Biosystems StepOnePlus™ Real-Time PCR-System and the cycling conditions were as follows: holding temperature of 95 o C for 5 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The standard curve was produced by creating a dilution series of cDNA stock of ZYMV.
Alignment of raw reads and variant calling
Alignments were performed using the Burrows Wheeler aligner (BWA) version 0.6.2 allowing 10 mismatches (Li and Durbin, 2009 ). BAM to SAM file conversion and filtering was performed with Samtools version 0.1.18 (Li et al., 2009 ). The inoculum sequence from Simmons et al. (2012) was used as a reference sequence for read alignment and variant calls. Varscan (version 2.3.2) Koboldt et al., 2012) was used to call the minor mutational variants. To conservatively eliminate false positive intra-host mutations we only retained variants that occurred at greater than 100X coverage (although all the variant sites observed here had a coverage greater than 1000X; Table S1 ), had a frequency of 1% or greater, and had a quality score of 30 or greater. In addition, we simulated the false positive and false negative rates following the protocol of Goto et al. (2011) , to determine the appropriate low frequency cutoff, which was 1%. The strand filter was also applied to eliminate any strand bias. Conformational protein changes were determined using Phyre 2 (Kelley and Sternberg, 2009 ) and confirmed using I-TASSER (Roy et al., 2010; Zhang, 2008) .
All the variant consensus nucleotide sequences generated here (three in total) have been submitted to GenBank and assigned accession numbers KJ923767-69.
Statistical Analysis
Correlation analysis and a one-way ANOVA followed by post testing for a linear trend was performed on all 24 samples using GraphPad Prism version 6.0b for Mac OS X, GraphPad Software (La Jolla California USA). Additionally, figures depicting the number of mutations across the genome as well as the rain plot were generated using GraphPad Prism. All ZYMV sequences were manually aligned using Se-Al (2.0a11; kindly provided by Andrew Rambaut, University of Edinburgh) and a minimum spanning tree among them was estimated using the statistical parsimony approach available in the TCS 1.21 program (Clement et al., 2000) .
Results
The average depth of sequencing coverage of ZYMV was 27,150X (range 14,671X -42,764X) and the average amount of genome sequenced was 99.7%. In total, we observed 112 variants (excluding the 5' untranslated region), 90 of which were found in a single sample only (Table S1 ) and 22 of which were shared between two or more samples (Table  S2) . 109 of the variants were SNPs and three were frameshifts (Fig 2) . No stop codon mutations were observed. Of the 109 SNPs, 54 were synonymous and 56 non-synonymous.
Four of the shared variants approached fixation (i.e. were at a frequency greater than 99%), at sites 3954, 3969, 7477 and 7688, and one other shared variant occurred at a frequency greater than 50% in some of the samples (position 1071 in leaves 17, 21 and 23). All other shared mutations were minor variants (i.e. occurred in less than 50% of the reads) (Fig 3) . The variant that occurred at position 1071, in combination with a variant that occurred in one sample only (position 8899 in Leaf 17), resulted in three different consensus sequences. One of the variants that approached fixation was synonymous (3969), while the other three variants were non-synonymous 3954 (Q->K), 7477 (Y->H) and 7688 (R->K)). Interestingly, the last two mutations were found in the NIb gene that encodes the viral polymerase. Also of note was that all the frameshift mutations were shared among multiple samples, albeit at low frequency (~1-2%; Table S2 ). The exception was the frameshift at site 5633, which attained a frequency of 16.64% in sample 2, 9.3% in sample 10, and 14.34% in sample 12.
There was an average of 9.2 mutations per sample (range 2-18). Only one minor variant (2891) was found in all 24 samples. The starting inoculant population had a total of 13 variants, only three of which were present in the leaf-to-leaf samples: that at site 2891 and two that approached fixation (3954 and 7688). Interestingly, a significant positive correlation was found between the increase in the number of variants and time (r = 0.442; p = 0.031), and a significant linear trend was identified between the average variant frequency and time (p = 0.021). In addition as the number of variants increased over time we observed an overall increase in viral concentration (determined via qPCR) (Fig 4) .
Four variants were in close proximity to each other in the CI protein: positions 3750, 3751, 3754 and 3758. Of these, position 3751, was a synonymous change (C->A), while the other three resulted in amino acid changes: position 3750 (N->K), 3754 (Q->K) and 3758 (L->Q). Eleven of the 24 leaf samples sequenced in this study exhibited all four changes, and an additional four exhibited three of the four variants. To determine if these variants might have resulted in a conformational change, we used two protein prediction platforms, Phyre 2 (Kelley and Sternberg, 2009) and I-TASSER (Roy et al., 2010; Zhang, 2008) . Interestingly, two of the three changes (positions 3750 and 3754) resulted in the same conformational change (Fig 5A-B) , in which an alpha helix contracted inwards towards the protein in the mutated form relative to the wild-type conformation. Nineteen of 24 samples had either one or both of these mutations that resulted in the conformational change.
The spatial distribution of mutations did not differ significantly from that expected by chance alone in 10 of the 11 genes. The exception was 6K2 (a ZYMV protein that is believed to anchor the replication apparatus to ER-like membranes (Urcuqui-Inchima et al., 2001) ) which harbored more mutations than expected by chance alone (p=0.05). To determine whether variants were spatially clustered within the genome, we determined that the average variant distance was 604.1 base pairs. We defined a cluster as a genomic region containing at least three variants, the variant distance was less then 50 bp, and the variants must be shared by at least five samples. A single region met these criteria -bases 3750-3758 of the CI gene (Fig 6) . Two other regions, which did not meet all of our clustering criteria (i.e. that the region contain three or more variants and that at least five samples share these variants), were identified (regions 1071-1086 and 5631-5641) and these regions fell in the HC-Pro and 6K2, respectively.
Discussion
Given that the bulk (80%) of the intra-plant mutational variants that we found were in one sample only, it is clear that the majority of mutants were not maintained in the viral population as it moved systemically through the plant. Whether this is due to selection (i.e. removing deleterious mutations) or genetic drift, including the action of population bottlenecks, or a combination of both is unclear. It is possible that the majority of the variants were deleterious and as such are expected to be purged from the population. Indeed, previous studies have shown that approximately 70% of the mutations found in RNA viruses are deleterious or slightly so (Carrasco et al., 2007; Domingo-Calap et al., 2009; Sanjuan et al., 2004) . However, that many of the unique (one sample) variants were synonymous sites suggests that their loss is more likely associated with neutral evolutionary processes such as population bottlenecks. In this context it is notable that only 13 variants in the inoculant were found in the subsequent leaves, and 22 (of the total of 112) variants were shared amongst the samples. Hence, these data are compatible with the action of sequential population bottlenecks during systemic movement, although not so severe as to reduce the virus population to only a single virion as mutations were consistently shared among samples. Indeed, the presence of likely deleterious frameshift mutations in multiple samples, and at frequencies >10%, strongly suggests that complementation has occurred, which obviously requires the co-transmission of multiple viral genomes (Aaskov et al., 2006) .
There have been variable estimates of the size of the population bottleneck following intrahost movement within plants, covering one to hundreds of virions, and it is likely that the extent and influence of population bottlenecks is not uniform across viral-host combinations. Indeed, previous work has shown that the magnitude of the genetic bottleneck is dependent on the size of the inoculant dose (Zwart et al., 2011) . In addition, work with PPV in Prunus suggests that although the viral population within a host may harbour extensive genetic diversity, this diversity will be differentiated into sub-populations that reflect the physical structure of the tree (Jridi et al., 2006) , and which will in turn influence the impact of any population bottleneck. The existence of relatively wide population bottlenecks, as noted here, has been reported in the case of some other plant viruses, (Fabre et al., 2014; Gutierrez et al., 2012) and may be of sufficient size to allow natural selection to proceed efficiently (Bergstrom et al., 1999) .
One of the most notable observations of our study was that the number of variants increased as a function of distance from the source inoculated leaf. This is in accord with previous studies with cauliflower mosaic virus (CaMV), at least in the early stages of infection (Gutierrez et al., 2012) . However, contradictory data has also been reported. For instance, an examination of the movement of 12 experimental cucumber mosaic virus mutants in tobacco found that the number of mutants in successive leaves decreased as a function of distance from the source (an average of seven mutants were found in the eighth leaf and an average of five in the 15 th leaf; (Li and Roossinck, 2004) . Furthermore, the side branch leaf grew in several weeks after the nearest leaves (between leaves 9 and 10) had been harvested, and it appears to be more closely related to leaves further along the vine. This is supported by the minimum spanning tree in which the side branch clusters with leaves 21, 22, and 23 (Fig 7) .
Hence, these data suggest that the viral population in the phloem sap may serve as a constant source of genetic diversity as has been found in CaMV (Gutierrez et al., 2012) .
Of particular interest was the observation that four mutations in the CI protein found in 11 of the 24 samples resulted in a conformational change in the predicted protein structure. The CI is known to be involved in viral movement in planta, and two mutations in the N-terminus region of the TEV CI resulted in defects in cell-to-cell movement, although still able to replicate at wild type levels (Carrington et al., 1998) . Similar results were found with PPV mutants located in the first 125 amino acids of the CI (Gomez de Cedron et al., 2006) . Interestingly, two of the three changes resulted in the same predicted conformational change (positions 3750 and 3754) such that 19 out of the 24 leaf samples contain virions that contained these conformational changes (Fig 5B) . Although tentative, these results suggest that there may be a selective advantage to these variants in systemic movement. Functional work is needed to determine the effects of these variants in systemic movement within the host and whether they are able to persist between hosts.
We had previously conducted a transmission experiment in which we inoculated a C. pepo plant and completed a series of eight mechanical inoculations between plants, after which we deep-sequenced these populations to determine the extent and pattern of viral genetic diversity at the inter-host scale (Simmons et al., 2012) . As we used the same inoculant population for both experiments, the fifth leaf of the first plant of the serial inoculation corresponds to the leaf four population sequenced in this study (the first true leaf was not removed from the plant but rather was retained as a viral source). In the previous experiment there were 16 variants in the 5 th true leaf and in the current experiment there were nine variants in the 5 th true leaf and only one in common between the two (7688; one of the two variants that approached fixation in this study and the predominant variant in the inoculum). This suggests that either there is a substantial stochastic element to the viral population as it moves along the vine, or that there is structuring of the viral population within the same leaf, or a combination of both. Either way, it is possible that the portion of the leaf used to infect the plant in the previous experiment may have contained a vastly different population than the leaf portion that was used to inoculate in this experiment. However additional work is needed to ascertain the spatial structuring of the viral population within the leaf.
Evidently, the extent of the population bottleneck imposed on the viral population as it moves through the plant is not straightforward to determine, and is influenced by a variety of factors, including the size of the inoculum dose, the population structure of the virus, the timing of infection, as well as the host genotype/viral strain specific interactions. However, what is clear is that despite the marked population structure within leaves, the population bottlenecks imposed on the virus as it moves systemically through the plant are not particularly severe. This is shown by the multiple variants shared between leaf samples, including those likely producing conformational changes in the CI protein, as well as the frameshift mutations. Moreover, because the number of variants increased as a function of distance from the inoculum source, it is likely that the sap serves as a continual source of circulating virus.
Highlights
• ZYMV experiences population bottlenecks during systemic movement
• Multiple variants are transmitted among leaves so the bottleneck may not be severe
• Number of variants in a leaf increases as a function of distance from the source
• Viral population may be highly structured within the leaf
• A conformational change is observed in the Cylindrical Inclusion protein Schematic of the plant depicting the leaves that were harvested from a growing vine over time. A total of 23 leaves were collected sequentially, while the 24 th leaf (side branch) grew in between where leaves nine and ten had grown prior to harvesting. The side branch was harvested 21 days after leaf nine and 17 days after leaf 10 had been harvested. Plot illustrating mutation position and type. The NS (circle) represents non-synonymous mutations, the S (square) synonymous mutations, and the FS (triangle) frame-shift mutations. The x-axis is the variant position and the y-axis is the number of samples that contained the each mutation, and below the x-axis is a schematic of a potyvirus genome. A plot of the number of variants found in each sample. Variants in each column are organized into blocks that correspond to specific group sizes (number of samples that share the variants within each group). The actual number of leaf samples that share a variant is denoted by the color of the block. The X-axis denotes the total number of variants found in each sample and the samples are denoted in the y-axis. The concentration of virus and number of variants found in each sample. The y-axes denote the concentration of virus per leaf sample as determined via qPCR (left hand side) and the number of variants per sample (right hand side), with the leaf samples given on the x-axis. The Cylindrical Inclusion (CI) protein as predicted by Phyre2 (A) is the wild type conformation and (B) depicts the three amino acid substitutions that resulted in the conformational change. The yellow arrows highlight the alpha helix that altered as a result of the three mutations. A rainfall plot was generated to illustrate mutation clustering. Each dot corresponds to an individual mutation, with the x-axis reflecting the genome position of each mutation, and the y-axis reflecting the distance between each mutation and its preceding mutation. The grey dotted line is the average distance between variants across all samples, with the cluster in the CI gene highlighted in the gray shaded box. Minimum spanning trees depicting the population structure of ZYMV in each leaf. Each oval represents the viral population from each leaf. Each dot on the lines linking the ovals represents one mutation.
